The delivery of peptide drugs to the brain is challenging, principally due to the blood brain barrier and the low metabolic stability of peptides. Exclusive delivery to the brain with no peripheral exposure has hitherto not been demonstrated with brain quantification data. Here we show that polymer nanoparticles encapsulating leucine 5 -enkephalin hydrochloride (LENK) are able to transport LENK exclusively to the brain via the intranasal route, with no peripheral exposure and nanoparticle localisation is observed within the brain parenchyma. Animals dosed with LENK nanoparticles (NM0127) showed a strong anti-nociceptive response in multiple assays of evoked and on going pain whereas animals dosed intranasally with LENK alone were unresponsive. Animals did not develop tolerance to the anti-hyperalgesic activity of NM0127 and NM0127 was active in morphine tolerant animals. A microparticulate formulation of clustered nanoparticles was prepared to satisfy regulatory requirements for nasal dosage forms and the polymer nanoparticles alone were found to be biocompatible, via the nasal route, on chronic dosing.
Introduction
The delivery of peptides to the brain is challenging, not merely because of the blood brain barrier but also because peptides have a very short plasma half life and are frequently not detected in the plasma on intravenous administration [1] . The intranasal to brain route of administration has emerged as an interesting route for the administration of compounds directly into the brain [2] even though the dose (100 μL or 25 mg) is a limitation. Here we show that the use of an intranasal nanoparticle delivery system enables the delivery of a metabolically unstable [3] , δ selective opioid receptor (DOR) [4] [5] agonist, leucine 5 enkephalin hydrochloride (LENK), directly and exclusively to the brain. The δ selectivity has been well studied by Toll and others [5] using cloned human μ, δ and κ receptors in Chinese Hamster Ovary (CHO) cells with EC50 values, in 35 SGTPγS binding assays, of 25.5 ± 0.8 nM Opiates acting predominantly at mu opioid receptors (MORs) have been used to treat both chronic and acute pain for thousands of years [10] although the side effects of these medicines (constipation, nausea, drowsiness, dependence and respiratory depression) [11] often limit their use. The endogenous opioids, i.e. the enkephalins, have been studied but not developed as drugs, due to their rapid enzymatic degradation and poor brain permeation [12] [13] [14] , despite the use of various penetration enhancers [15, 16] . However enkephalinase inhibitors have been trialled in the clinic [17] . The nose to brain route has been advocated as a delivery route for labile and high molecular weight drugs to the brain in humans [2, 18] , as drugs can access the brain directly through the olfactory neurons as well as avoid first pass liver metabolism and gastrointestinal degradation. However such intranasal dosage forms must also avoid the degradative enzymes (e.g. carboxypeptidases and cytochrome P450) present in the human nasal cavity [19, 20] . Administration of drugs to the nasal cavity is also a means of achieving systemic exposure due to the highly vascularised respiratory epithelium, which enables absorption of drugs into the blood through paracellular or transcellular epithelial and endothelial pathways and there are products on the market that are delivered nasally to achieve systemic exposure, including peptides [21] . While delivery to only the brain via the intranasal route, has been inferred by others [2] , here we demonstrate exclusive delivery of a low molecular weight and metabolically labile peptide, leucine 5 enkephalin (Molecular weight = 556 Da), to the brain on intranasal administration and when formulated as a nanoparticle with no peripheral exposure or activity. The peptide is of pharmaceutical interest as a possible pain therapeutic.
Materials and methods

Materials
All reagents and chemicals were obtained from Sigma Aldrich Chemical Co, UK, unless otherwise stated. All solvents and acids were obtained from Fisher Scientific, Loughborough, UK. Dialysis membranes were purchased from Medicell International Ltd., UK. Deuterium oxide, Methanol-d 6 and deuterated palmitic acid (palmitic acid-d 31 ) were obtained from Cambridge Isotope Laboratories Inc. UK. Leucine 5 -Enkephalin hydrochloride was obtained from CELTEK Bioscience, USA. Morphine sulphate and Isoflurane were purchased from Centaur Services Ltd., UK. Water for injection and saline were obtained from AAH pharmaceuticals Ltd., Coventry, UK. Naloxone hydrochloride MP Biomedicals, USA. Nanomerics' Molecular Envelope Technology (GCPQ -N-palmitoyl-N-monomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan) was obtained from Nanomerics Ltd. All reagents and chemicals were used without further purification and were ≥ 99% purity. Animals were purchased from Harlan, UK or Harlan, USA (CPP animals only) and PE10 tubing was purchased from Smiths Medical, UK.
Methods
2.2.1. NM0127 nanoparticles NM0127 nanoparticles were prepared from GCPQ (N-palmitoyl-Nmonomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan, Mw = 18.6 ± 4.6 kDa, Mw/Mn = 1.033 ± 0.027, mole% palmitoylation = 15 ± 1.3, mole% quaternary ammonium groups = 8 ± 0.8) and LENK by vortexing for 5 min in water for injection BP, the pH adjusted to pH = 5.8 with NaOH (1 M) prior to probe sonicating (Qsonica, UK) with the instrument set at 30% of its maximum output for 10 min on ice. For the CFA and CPP studies the GCPQ had the following characteristics: Mw = 18.0 ± 3.7 kDa, Mw/Mn = 1.029 ± 0.023, mole% palmitoylation = 16 ± 3.6, mole% quaternary ammonium groups = 10 ± 2.2. NM0127 formulations for intranasal, intravenous and oral use had a GCPQ, LENK weight ratio of 1, 2.3 and 5 respectively. Particle sizing was carried out with a Malvern Zetasizer 3000HS (Malvern Instruments, UK) at 25°C and a wavelength of 633 nm with data analysed using the Contin method.
NM0127 was imaged by transmission electron microscopy (TEM). A drop of NM0127 was placed on Formvar/Carbon Coated Grid (F1961100 3.05 mm, Mesh 300, Tab Labs Ltd., UK), stained (aqueous Uranyl Acetate -1% w/v) and imaged (FE1 CM120 BioTwin Microscope equipped with an AMT digital camera, Thermofisher Scientific, UK).
Peptide analysis
LENK analysis was performed on an Agilent high performance liquid chromatography (HPLC) system (Agilent Technologies, UK) consisting of a binary pump (1220 Infinity LC Gradient System VL) equipped with a variable wavelength UV detector (λ = 214 nm) and an Onyx monolithic C18 column (5 μm particle size, 4.6 mm × 10 mm) with a C18 guard column (Phenomenex, UK). Mobile phase = water, acetonitrile, trifluoroacetic acid (81.98: 18: 0.02), flow rate = 1 mL min − 1 , column temperature = 30°C, injection volume = 10 μL, LENK retention time = 6.6 min, calibration curve for quantification (y = 14.6 ± 1.1, r 2 = 0.999 ± 0.002, n = 11 separate experiments), lower limit of quantification = 5 μg mL − 1 . Data analysis was via Agilent Chemstation. NM0127 formulations were diluted in mobile phase, filtered (0.22 μm) and the filtrate analysed by HPLC.
NM0127 Nano-in-micro formulations
NM0127 Nano-in-Micro formulations were prepared from LENK and GCPQ (Mw = 11.2 kDa, Mw/Mn = 1.01, Mole% palmitoylation = 23, Mole% quaternary ammonium groups = 12) in distilled water (20 mL) at a total solid concentration of 10% w/v and a GCPQ, LENK ratio of 1 g g − 1
. The suspension was subjected to high pressure homogenisation (EmulsiFlex C5, Avestin, Germany, 1 cycle at 18000 Psi) and the resulting nanoparticles spray dried to give NM0127 nano-in-micro particles (Büchi Nano Spray Dryer B290 equipped with ultrasonics, Büchi Labortechnik AG, Switzerland, inlet temperature = 180°C, outlet temperature = 120°C, nozzle temperature = 60°C, aspirator flow rate = 36 m 3 h − 1
, spray rate = 1 mL min − 1 , power at the nozzle = 1.8 watts). Particle sizing was via an Helos sizer (Sympatec GmbH, Germany), peptide analysis by HPLC and particle imaging achieved using an FEI Quanta 200 F scanning electron microscope (ThermoFisher Scientific, The Netherlands). X-ray diffraction analyses were carried out using a Rigaku MiniFlex 600 diffractometer (Rigaku, UK) with a voltage of 40 kV, a current of 15 mA. Patterns were obtained using a step width of 0.02 deg. with a detector resolution in 2θ (diffraction angle) between 2 deg. and 60 deg.
NM0127 microparticles (4 mg) were dispersed in water (0.1 mL) and gently shaken for 10 min to regenerate the nanoparticles and the nanoparticles imaged by TEM.
Animals
Male Sprague Dawley rats (weight = 200-275 g for the behavioural studies and 130-170 g for the pharmacokinetics studies) were housed four per cage in an air conditioned unit (20-22°C, 50-60% humidity) and allowed free access to standard rodent chow and water. Lighting was controlled on a twelve-hour cycle (on at 07.00 h and out at 19.00 h). Animals were habituated for 7 days prior to experimentation and acclimatised to the procedure room for 1 h prior to testing. All protocols were conducted under a UK Home Office licence and approved by a local ethics committee with the exception of CPP studies which were reviewed and approved by the Institutional Animal Care and Use Committee of the University of New England, and were carried out in compliance National Institutes of Health guidelines. Animals were randomised prior to all experiments using the Latin Square method (behavioural studies) or by weight (pharmacokinetics and imaging studies) and all behavioural experiments assessed by an operator blinded to the treatment by assigning the animals codes and the dosing then carried out in order of the codes. The data analysis also done with code identifiers or by a separate operator. This was except for the CPP studies, which were video monitored. Sample sizes were chosen based on either power calculations after a pilot study to determine the standard deviation (all behavioural experiments) or after a pilot study (pharmacokinetics experiments).
Anti-nociception hot plate test
Prior to dosing rats were placed on a hot plate to ascertain the baseline levels of residency prior to an escape attempt (a jump or a lick of the paw) and for a maximum time of 30 s. Rats were dosed with various intravenous and oral doses of NM0127 and control animals dosed the relevant vehicle.
At various intervals after dosing, rats were then placed on the hot plate for a maximum of 30 s and the time to escape attempt recorded. Anti-nociception was recorded as the difference between the hotplate residency time before and after dosing.
Intranasal dosing and dose response analysis
For the Complete Freund's Adjuvant and conditioned placement preference studies, rats were intranasally administered with water for injection, intranasal LENK or various doses of NM0127. Animals were briefly anesthetised with isoflurane and intranasally administered the formulation using an insulin syringe attached to PE10 tubing (15 mm), the tubing was inserted into one of nares [22] .
Complete Freund's adjuvant induced tactile hypersensitivity
Rats received an intraplantar injection of Complete Freund's adjuvant (CFA). CFA induced hind paw oedema and tactile hypersensitivity were evaluated 24 h after the CFA injection [23] . Rats were individually placed on an elevated plastic mesh (0.5 cm 2 perforations) in a clear plastic cage. Two habituations to the evaluation chambers for at least 5 min duration each were performed on two different days. A baseline measurement was taken on test day pre-CFA. Tactile hypersensitivity was assessed by the sensitivity to the application of von Frey filaments (Ugo Basile, Italy). The von Frey filaments (1.4, 2, 4, 6, 8, 10, 15, 26 g) were presented perpendicularly to the plantar surface of the injected paw in ascending order, and held in this position for 5 s with enough force to cause a slight bend in the filament. Positive responses, included an abrupt withdrawal of the hind paw or a flinching on application of the hair. Once a positive withdrawal response was established, the paw was retested, starting with the next descending von Frey hair until no response occurred. The lowest amount of force required to elicit a response was recorded as the paw withdrawal force (g) [24] . Tactile hypersensitivity was defined as a significant decrease in withdrawal thresholds to von Frey filament application.
To test the formulation effects on tactile hypersensitivity, rats were evaluated for thresholds 24 h after CFA injection; they were then randomised according to their threshold values and administered with formulations. Once the evaluation was complete, rats were returned to their home cage for 3 days and then thresholds were reassessed on day 5 post the CFA injection.
Central and peripheral contributions to anti-hyperalgesia
24 h after a CFA injection, non-selective opioid antagonists (naloxone hydrochloride and naloxone methiodide) were administered subcutaneously (to enable unfettered access of naloxone and naloxone methiodide to the central and peripheral opioid receptors) and concomitantly with intranasal NM0127 in water and paw withdrawal thresholds assessed.
Analgesic tolerance and analgesic cross tolerance to morphine
Intranasal NM0127 in water was administered and the paw withdrawal threshold assessed. Subsequently the same dose of NM0127 was administered intranasally to the same animals twice a day (9 am, 2 pm) for 4 days. The paw withdrawal thresholds were reassessed after the administration of a final dose on day 5. Morphine sulphate was administered subcutaneously as a positive control.
To assess the development of cross tolerance to morphine, subcutaneous morphine sulphate was administered to two groups of animals and the paw withdrawal thresholds were assessed. Subsequently both groups of animals were administered morphine sulphate twice a day (9 am and 2 pm) for 4 days and on Day 5, intranasal NM0127 in water was administered to one group of morphine dosed animals, while subcutaneous morphine sulphate was administered to the second group of morphine dosed animals, and the paw withdrawal threshold re-assessed for both groups. Subcutaneous and intranasal PBS were administered to control animals on Days 1 and 5 respectively.
Spinal nerve ligation (SNL) and conditioned placement preference (CPP) studies
Spinal nerve ligation (SNL) at L5 and L6 was induced using the procedure of Kim and Chung [25] . Sprague Dawley rats were anesthetized with 2% isoflurane. A 3 cm longitudinal incision, 5 mm lateral from the midline was made at the lower lumber and sacral levels. The location of the incision is determined by the position of the L5 spinous process. Connective tissues, remaining muscle and L6 spinous processes were removed, the L5 and L6 spinal nerves freed from the adjacent structure, and the nerves tightly ligated with 4-0 silk suture. Haemostasis was confirmed, the muscles sutured in layers and the wound closed. Sham control rats underwent the same operation and handling as the experimental animals but without actual ligation. 7 days post-surgery the absence and presence of hypersensitivity was confirmed in Sham and SNL animals respectively by von Frey filaments as described above.
Conditioned place preference (CPP) was performed using a modification of the single trial conditioning procedure previously described [26, 27] . On day 13 post surgery rats underwent a 1 day habituation in which they were placed in the CPP boxes and allowed to explore all chambers. Behaviour was recorded and analysed to verify that no chamber bias existed to the conditioning chambers, as defined by spending < 180 s or > 720 s in one of the chambers. Animals exhibiting a chamber bias (< 3% of total animals tested for CPP, i.e. 1 animal) were removed from the study. The following day (conditioning day), all rats (Sham and SNL) received an intranasal dose of the vehicle, under short term isoflurane anaesthesia and were immediately (within 2 min) confined to the appropriate pairing chamber for 30 min in the morning. Animals were removed and placed in their home cages for 4 h. For the afternoon session animals received intranasal NM0127 in water under short term isoflurane anaesthesia and were immediately (within 2 min) confined to the opposite chamber for 30 min. On the test day, 20 h following the afternoon pairing, rats were placed in the CPP box with access to all chambers and their behaviour video recorded for 15 min. Significantly increased post-conditioning time spent in the drug-paired chamber, as compared to pre-conditioning time, indicates a CPP. Decreased post-conditioning time spent in the drug paired chamber, as compared to the pre-conditioning time, indicates conditioned place aversion. No change between the time spent in the drugpaired chamber, as compared to pre-conditioning time, indicates no conditioned place preference or aversion.
Pharmacokinetics
Male Sprague Dawley rats weighing 145-180 g (n = 6) were briefly anesthetised with isoflurane and intranasally administered either no treatment, LENK or NM0127 in water.
At various time points, animals were killed with an intraperitoneal overdose of pentobarbital and the brains removed, separated from the olfactory bulb and cerebellum and the cerebrum washed in phosphate buffered saline (PBS, pH = 7.4). Cerebrum and olfactory bulb tissues were immediately snap frozen in liquid Nitrogen and analysed on the same day of sampling. After the pentobarbital overdose, blood samples were also taken by cardiac puncture and collected into EDTA vacutainer tubes. Protease inhibitor cocktail (10 μL, Sigma, UK) was added to each tube and the tubes inverted. Plasma was separated by centrifugation (2000g × 15 min, 4°C) and plasma samples were stored at − 80°C until analyses could be performed on them.
An aliquot of the plasma sample (500 μL) was mixed with an equal volume of the extraction medium (1 M acetic acid, 0.02 M HCL, 1% mercaptoethanol) and to this was added the internal standard (dalargin, 10 μg mL − 1 , 10 μL) and protease inhibitor cocktail (10 μL). The plasma samples were centrifuged (6800g for 30 min at 4°C) and to the supernatant was added trichloroacetic acid (TCA, 50%w/v, 200 μL) and the resulting mixture centrifuged again (6800g for 30 min at 4°C). The supernatant was then extracted with diethyl ether (3 × 1 mL each time) and the aqueous layer freeze dried. The freeze dried residue was reconstituted in formic acid (0.1% w/v, 200 μL), filtered (0.2 μm) and the filtrate analysed by LC-MS.
Plasma calibration curve standards were prepared, by extracting spiked plasma (500 μL), which had been diluted with an equal volume of extraction medium (LENK = 1-100 ng mL To every 1.3 g of fresh cerebrum sample was added 13 mL of TCA (50% w/v) followed by the addition of protease inhibitor cocktail (1 mL). Brain samples were then homogenised and aliquots (1 mL) of this homogenate spiked with dalargin (10 μg mL − 1 , 10 μL), centrifuged (10,000g × 30 min, 4°C) and to an aliquot of the supernatant (800 μL) was added TCA (50% w/v, 160 μL). The mixture was centrifuged again (10,000g for 30 min at 4°C) and the supernatant extracted with diethyl ether (3 × 1 volume). An aliquot of the resulting aqueous phase (500 μL) was freeze-dried. The freeze-dried sample was reconstituted in formic acid (0.1% v/v, 200 μL) and analysed by LC-MS. For the brain calibration curve, to each 1.3 g of tissue was added to 13 mL of TCA (50% v/v), followed by protease inhibitor cocktail (1 mL); the brain samples homogenised and aliquots (1 mL) used to construct a standard curve after extraction as detailed above (LENK = 1-1000 ng mL − 1 , dalargin = 100 ng mL
, y = 0.0046x + 0.232, r 2 = 0.998).
Fresh olfactory bulb samples were weighed and TCA (50% v/v, 2 mL) added followed by the protease inhibitor cocktail (100 μL). The samples were then homogenised and to aliquots of this homogenate (1 mL) were added dalargin (10 μg mL − 1 , 10 μL), the sample centrifuged (10,000g × 30 min, 4°C) and to the supernatant (800 μL) added TCA (50% v/v, 160 μL). The supernatant was then again centrifuged (10,000g × 30 min, 4°C) and the resulting supernatant extracted with diethyl ether (3 × 1 volume). An aliquot of the resulting aqueous phase (500 μL) was freeze-dried. The freeze-dried sample was reconstituted in formic acid (0.1%, 200 μL) and analysed by LC -MS. Olfactory bulb calibration standards were prepared by adding 6 mL of TCA (50% v/v) to 150 mg of tissue, followed by the addition protease inhibitor cocktail (100 μL). The samples were then homogenised and aliquots (1 mL) used to construct a standard curve after extraction as detailed above (LENK = 1-600 ng g LC-MS/MS analysis was carried out using an Agilent 1260 infinity LC system (Agilent Technologies, Berkshire, UK) interfaced directly with Agilent 6460 triple quadrupole. Samples were separated on a reverse phase C18 Zorbax column (2.1 × 50 mm, 5 μm particle size) in a gradient mode with formic acid (FA, 0.1% w/v), acetonitrile: t 0 = 95% FA, t 5 = 70% FA, t 5.5 = 5% FA, t 6.5 = 5% FA, t 7 = 95% FA. Mobile phase flow rate = 0.3 mL min (Table 1) .
Multiphoton microscopy
Deuterated GCPQ (dGCPQ) was supplied by Nanomerics Ltd. and dGCPQ nanoparticles synthesised as previously described [15] . Rats were intranasally dosed with dGCPQ and were subsequently killed at various time points, brains harvested and stored in neutral buffered formalin [(formaldehyde -4% v/v, sodium phosphate monobasic -0.4% w/v, sodium phosphate dibasic -0.65% w/v) 60 mL]. All samples for multiphoton imaging were prepared as described previously and imaging carried out as described previously [15, 28] . Nuclear membranes were identified as they were less lipid rich than the cell cytoplasm and appear darker in the image. Myelin sheaths around the neurons are lipid rich and appear brighter in the image and the cell membrane is lipid rich and appears brighter in the image.
Intranasal GCPQ good laboratory practice toxicology studies
Groups of male (n = 10) and female (n =
. Groups of male (n = 10) and female (n = 10) Sprague Dawley rats were administered water for injection at the same dose volume as the test animals. The doses were given using a micropipette with attached appropriately sized plastic tip. All animals received 4 instillations into each nostril of either the control or the test item for a total of 0.2 mL on each treatment day. During dosing, the rats were held with their head in a vertical position. The micropipette was kept approximately 0.5 mm into the first nostril and the 0.025 mL drop of formulation was instilled. Immediately afterwards the second nostril was instilled. The animal was kept vertical for a few seconds to allow the formulation to disappear into the nose and then put back in its cage. Animals were weighed daily, food consumption monitored and examined for general condition prior to and after each dose with the eyes monitored periodically after the application of a mydriatic agent (1% Tropicamide). Blood was collected from the orbital sinus under isoflurane anaesthesia using a capillary tube and blood chemistry and haematology parameters determined. Urine was collected over an 18 h period, where the animals had no access to food but access to water and urine analysis carried out. At the end of the study, animals were killed using carbon dioxide, were subject to a full necropsy examination and histology samples examined.
Statistical analysis
Data were analysed by one or two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test (equal variance) and Greenhouse-Geisser correction with Games Howell post hoc test if there was unequal variance. All statistical analyses were performed using SPSS (IBM, UK) and Graphpad Prism (GraphPad Inc., USA). P values < 0.05 were considered significant. For the conditioned placement preference experiments, data were analysed using a 2-factor analysis of variance (ANOVA: pre vs post conditioning by treatment group). Post hoc analysis was performed using Bonferroni tests.
Data and materials
Data and materials are available to readers by writing to the corresponding author.
Results and discussion
There is undoubtedly an unmet clinical need for efficacious analgesics. The current opioids are efficacious in the treatment of severe pain but are limited by the prevalence and severity of their side effects [11] . An endogenous peptide with analgesic properties and minimal side effects could certainly provide benefit to patients suffering from severe pain. However the delivery of peptides to the brain is not entirely without its own challenges. Our work demonstrates that we have solved this peptide delivery problem. We tested the hypothesis that the encapsulation of an endogenous peptide with analgesic activity [29] , within nanoparticles (that may be further formulated as microparticles), would lead to peptide brain delivery and analgesia.
LENK is formulated with N-palmitoyl-N-monomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan (GCPQ) into a mixture of single 30 nm-40 nm nanoparticles and aggregated 100-200 nm nanoparticles (NM0127). The nanoparticles, in turn, are formulated into microparticles (volume mean diameter = 22.2 ± 0.96 μm, D 10 = 11.07 ± 0.82 μm, D 50 = 20.12 ± 1.14 μm, D 90 = 35.38 ± 1.48 μm) as required for European intranasal formulations [30] (Fig. 1a and b) . GCPQ preclinical toxicology studies produced an intranasal 28 day repeat dose no observed adverse effect level (NOAEL) of 18 mg kg Table 1 ]. The formulation is amorphous (SI Fig. 1a) , stable for at least 90 days at room temperature (SI Fig. 1b-d ) and delivers the peptide into the olfactory bulb and brain ( Fig. 1c and d) on intranasal administration. Peptide brain delivery is mediated by the transport of the GCPQ nanoparticles into the olfactory neurons and further to the deeper brain regions of the thalamus and cortex (Fig. 2a-f, SI Fig. 2a and b) , as imaged by Coherent Anti-Stokes Raman Scattering (CARS) microscopy [31] (with three animals sampled at all time points) and discussed below. Lochhead and others [32] have described the perivascular transport of fluorescent dextran to deep areas of the brain and their work provides evidence of a nose to brain transport pathway involving trigeminal neurons and perivascular arterial pathways. Our data supports the perivascular route of transport of these particles as perivascular located particles are indeed seen in the olfactory bulb (2b, yellow arrow) and cortex (2d, yellow arrow) CARS images, with red blood cells arrowed in white to locate the blood vessels. In our nanoparticle study, while particle entry to the olfactory neurons was shown in CARS images (Fig. 2a , yellow arrows -bottom of the image), we could not confirm particle transport via the respiratory epithelia/ trigeminal nerve pathway as is seen with the application of substances in solution [32, 33] . There is no plasma exposure to the peptide when six animals were sampled at each time point (0.25, 0.5, 1 and 1.5 h) and this may be attributed to the very short peptide plasma half-life of 5-15 min [12] . Thus our data indicate that the intranasal particle approach allows exclusive delivery of this labile peptide to the brain. The nasal capillary pore size has been recently determined by Kumar and others [34] as: 13-17 nm in the nasal respiratory vasculature and the olfactory bulb capillary pore size has been determined as < 10 nm in the olfactory bulb vasculature. This means that the transport of these 30-200 nm nanoparticles from the nasal cavity to the peripheral circulation and from the olfactory bulb to the peripheral circulation would be highly restricted, even though Nanomerics' MET nanoparticles are known to be taken up by epithelial cells [35] . However particles are seen on the abluminal surface of the thalamus blood vessels (Fig. 2d) . The presence of particles in the abluminal surface of the thalamus blood vessels indicates that particle brain to blood transport in the thalamus is possible and we speculate that this is a probable route of particle/ polymer excretion. Brain Cmax levels with nanoparticulate LENK were at 280 nM 30 min after dosing and are thus well in excess of the LENK kD values of 5 nM [36] and brain levels fell to 61 nM at the 90 min time point (Fig. 1d) . However it must be stated that our analytical method did not allow us to distinguish between bound and free peptide. However unequivocal anti-nociceptive responses from multiple animal pain models does suggest that the peptide is available to bind to its receptors in the brain.
Kumar et al. reported anti-nociceptive data, with intranasal LENK trimethylchitosan formulations [37] . However no pharmacokinetics data were reported in this earlier study, and our data supplies crucial mechanistic detail in support of this earlier report.
Animal behavioural data demonstrate that NM0127 reverses hypersensitivity in the CFA model of inflammation-induced tactile hypersensitivity (Fig. 3a-f,) and produces relief of on going pain in a nerve injury model of neuropathic pain (Fig. 3g-h) . The baseline paw withdrawal threshold in the CFA model, using von Frey filaments, ranged from 22. ). Epi-detected dGCPQ CARS signal from the unique CD stretch (pump and Stokes tuned to excite 2100 cm − 1 ) is shown in green (also yellow arrows), while the non-specific counterstaining signal from the CH stretch (pump and Stokes tuned to excite 2845 cm − 1 ) appears in red. White dashed arrows highlight red blood cells within the blood vessels, while white dashed lines surround the edge of the nuclei. The dGCPQ signal is seen: a) in olfactory bulb neuritis in the nerve layer 5 min after dosing, b) in the olfactory bulb perivascular space 240 min after dosing, c) in the thalamus parenchyma 60 min after dosing (the cell membrane indicated by the dotted yellow line), d) the thalamus abluminal surface of the blood vessels and within the thalamus neurons 240 min after dosing, e) and in the perivascular space of the cortex 60 min after dosing (the edge of the blood vessel is delineated by a dashed green line and cross sections of neurons are seen at the top -y plane -of the image). f) No dGCPQ signal was seen in the basal ganglia 5 min after dosing. Data in Fig. 2 are representative images from 2 experiments, each comprising 3 animals at the relevant time points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 3.7 ± 1.5 g 24 h after the intraplantar injection of CFA (0.1 mL). 5 days after CFA dosing, the baseline paw withdrawal threshold ranged from 4.3 ± 0.3 to 5.7 ± 0.3 g. The baseline paw withdrawal thresholds, using von Frey filaments, for the sham and spinal ligation animals were 13.68 ± 0.72 g and 6.00 ± 0.82 g respectively. Intranasal delivery of LENK encapsulated in GCPQ particles (NM0127) at a LENK dose of 7.5 mg kg − 1 produced full reversal of CFA-induced tactile hypersensitivity. NM0127 reversal of CFA induced tactile hypersensitivity was only observed at LENK doses of 7.5 and 15 mg kg − 1 (Fig. 3a-j) and not at a LENK dose of 3.5 mg kg − 1 (Fig. 3a) . Notably, intranasal administration of the LENK peptide alone is pharmacologically ineffective (Fig. 3a) . Although LENK is detected in the olfactory bulb when administered in solution (Fig. 1c) , it is barely delivered to the brain when not encapsulated in nanoparticles (Fig. 1d) , demonstrating that the nanoparticles facilitate the brain distribution to the thalamus and cortex, possibly via brain perivascular pathways [32] (Fig. 2b and e) . The nanoparticles are thus instrumental in delivering the peptide to the brain. The polymer used to make the nanoparticles normally confers a positive surface charge to the nanoparticles and the particles are known to stick to and integrate into mucosal surfaces [38] , which are likely to be present in the nasal cavity and we speculate that the mucointegration may enhance the residence time of the nanoparticulate peptide in the nares. This mucointegration would contribute to the pharmacodynamics effects observed. Intravenous LENK alone is also incapable of mediating an anti-nociceptive response (SI Fig. S1e ) with only intravenous NM0127 being active. These observations indicate pharmacological activity is only obtained with the nanoparticle formulation and is not obtained with the peptide alone. The NM0127 reversal of CFA -induced tactile hypersensitivity is blocked by the opiate receptor antagonist naloxone but not by the peripherally restricted [39] quaternary ammonium inhibitor -naloxone methiodide (Fig. 3b) . When this data is viewed in combination with the lack of peripheral exposure to LENK, we conclude that intranasal GCPQ nanoparticles may be used to deliver LENK exclusively to the brain. By the 3 h time point naloxone was no longer active (Fig. 3b ) due presumably to its short plasma halflife of 30-40 min in rats [40] and the anti-nociceptive activity of NM0127 is restored.
While demonstrating the delivery potential of the nanoparticle formulation is important, NM0127 also exhibits some potentially Fig. 3 . Anti-hyperalgesic effects (mean ± sem) in male SD rats against evoked stimuli in a model of chronic inflammatory pain (CFA, a-f, n = 6) and against on going neuropathic pain in a conditioned placement preference model with spinal nerve ligation (SNL, i-j, n = 13-18). Evaluation parameters are kept constant throughout unless specified and LENK formulations were dosed at a pH of 5.8. Data in Fig. 3 is representative data from at least two replicated experiments. Statistically significant differences are given as: *** = p < 0.001, ** = p < 0.01, * = p < 0.05. a) Hyperalgesia is assessed using response to pressure exerted with graded von Frey filaments before and 24 h after intraplantar injection of CFA (0.1 mL) in the hind paw. NM0127 = LENK given as GCPQ, LENK (ratio = 1 g g − 1 , 7.5 mg kg ), naloxone methiodide (NalMeth, 10 mg kg − 1 ), or water.
Statistically significant differences were shown for: i) NM0127 + subcutaneous water and NM0127 + NalMeth vs both intranasal water and NM0127 + Nal (* at 30, 60, 120 min), ii) NM0127 + subcutaneous water vs intranasal water (** at 120 min), and iii) intranasal water vs all treatment groups (* at 180 min). The development of analgesic tolerance was assessed by comparing the anti-hyperalgesic response to the first administration of the formulations on Day One (c) and on Day Five following 4 days of twice daily administration of the formulations (d). c) On Day One statistically significant differences were shown between the subcutaneous morphine (7.5 mg kg Cross-tolerance to morphine was also assessed by comparing anti-hyperalgesic responses pre-and post repeat administration as outlined above in Fig. 3c and d. e) On Day One statistically significant differences were shown between the subcutaneous morphine #1 and morphine #2 groups (7.5 mg kg
) and the subcutaneous vehicle (PBS) group (*** at 30 min, ** at 60, 90 min). f) On Day Five, animals (dosed on Day 1 and results shown in 3e) that had subsequently been administered formulations twice daily over 4 days -known as pre-treatment formulations were dosed with new formulations and their responses compared. Statistically significant differences were observed between the responses from the morphine (7.5 mg kg − 1 ) + NM0127 (7.5 mg kg − 1 ) and the subcutaneous vehicle + subcutaneous vehicle group (*** at 30 min, ** at 60, 90 min, * at 120 min) or the morphine + NM0127 and morphine + morphine groups (** at 30, 90 min, * at 60, 120 min). The morphine + morphine group was not significantly different from the vehicle control group. Assessment of cross tolerance at higher doses was carried out as outlined above and responses on Day One (g) and Day Five (h) are shown. g) On Day One, statistically significant differences were seen between: i) the vehicle #1 and vehicle #2 (both subcutaneous PBS) groups and the subcutaneous morphine (7.5 mg kg ) at a LENK dose of 15 mg kg − 1 (60 mg mL
) there was a statistically significant increase in the time spent in the NM0127 paired chamber selectively with SNL but not sham treated rats. j) Comparison of the difference score (time in drug chamber at baseline -time in drug chamber following treatment) for both sham and SNL animals (n = 13-18) confirm that SNL treated rats show a significant increase in the time spent in the NM0127 paired chamber when compared to sham treated rats. * = Statistically significantly different when compared to sham treated rats (p < 0.05).
significant advantages over the current MOR agonists. Approximately 40-95% of MOR agonist patients develop constipation [11] , which is largely peripherally mediated [41] and as such peripherally restricted MOR antagonists have been developed to control the constipation side effect [42] . The centrally restricted activity of NM0127 has a good probability of addressing this major side effect.
Analgesic tolerance is a major side effect of MOR agonist use: 1 in 12 admissions in a Boston hospital study were patients tolerant to opioids and opioid tolerance was associated with a longer hospital stay in these patients [43] . Opioid tolerance is known to be very difficult to manage [44] . Our data demonstrate that analgesic tolerance does not develop to NM0127 (Fig. 3c and d) and that NM0127 is active in morphine tolerant animals ( Fig. 3e-h ). Additionally chronic morphine dosing produced immediate hyperactivity post dosing, with hyperactivity beginning 2 min after dosing on Day 4, and such hyperactivity was not observed in the NM0127 dosed animals (data not shown). The molecular mechanisms of opioid analgesic tolerance are poorly understood [45, 46] and future studies will seek to understand the lack of analgesic tolerance shown by NM0127.
Finally we show for the first time that intranasal LENK nanoparticles induce conditioned placement preference selectively in animals, with spinal nerve ligation injury, suggesting blockade of on going neuropathic pain ( Fig. 3i and j) . It should be noted that animals with sham surgery do not show place conditioning to NM0127, suggesting no to minimal reward seeking behaviour after a single intranasal dose of NM0127. Further experiments with validated addiction models are required for this lack of reward seeking behaviour to be confirmed.
Conclusions
In summary, we introduce nanotechnology, with accompanying short term stability data, which has the potential to be scaled up into a pharmaceutical product, using industrially relevant equipment and processes (high pressure homogenisation and spray drying). The nanotechnology enables the exclusive delivery of a metabolically labile peptide drug into the brain on intranasal delivery. Unexpected pharmacological evidence of activity of the delta selective opioid agonist (LENK) in morphine tolerant animals was also uncovered. We also provide evidence that these nanoparticles may be presented as a microparticle based powder to satisfy regulatory requirements and that the nanoparticle polymer is well tolerated via the nasal route at the dose administered.
